Abstract. γ-Amino butyric acid (GABA) has numerous roles in physiological processes, including neurotransmission, and induction of hypotensive, diuretic and tranquilizer effects. The present study aimed to produce GABA-enriched mulberry leaf powder by using a strain of high GABA-producing Lactobacillus pentosus SS6, which is isolated from fermented mulberry fruits. A total of 37 strains of lactic acid bacteria (LAB) were isolated from fermented mulberry fruits strains of high GABA-producing Lactobacillus pentosus were selected. The isolated LAB was analyzed using thin-layer chromatography. SS6 was used as a starter culture for the fermentation of mulberry leaf powder to produce GABA. The mulberry leaf powder was treated with 10% saccharose, 6% peptone, 1.6% K 2 HPO 4 , 1% L-sodium glutamate at 35˚C for 36 h (each treatment was applied whilst the others were kept constant), in a mixture with a water content of 60%, with the respective LAB strain that was fermented by incubation at 30˚C for 6 h. The results indicated that the SS6 strain produced significantly higher GABA contents in the fermentation broth compared to the other strains (P<0.05). Addition of 10% saccharose, 6% peptone, 1.6% K 2 HPO 4 and 1% L-sodium glutamate significantly triggered the production of GABA compared with that in the groups void of those additives (P<0.05). Furthermore, the water content, treatment time, amount of LAB inoculated and the incubation temperature also significantly affected GABA production compared with untreated groups under the aforementioned conditions (P<0.05). In conclusion, 10% saccharose, 6% peptone, 1.6% K 2 HPO 4 , 1% L-sodium glutamate, and a 60% water content at 35˚C significantly improved and enhanced GABA production. The present study provided a basis for the production of GABA, which may be utilized by the pharmaceutical and food industry.
Introduction
γ-aminobutyric acid (GABA) is a non-protein amino acid that is synthesized by glutamic acid decarboxylase (GAD) (1, 2) . GABA has critical roles in the body, e.g., as an important inhibitory neurotransmitter in sympathetic nervous system, and supplementation of GABA has anti-diabetic and anti-hypertensive effects in humans (3) . Furthermore, GABA suppresses anxiety and pain, controls the lipid levels and inhibits cancer cell proliferation and growth (4, 5) . Following the clarification of the physiological roles of GABA, it was developed as a novel functional supplement and applied extensively in the pharmaceutical and food industry.
Natural GABA mainly occurs in the vegetables and fruit; however, only at low concentrations. Previous studies have reported that GABA is usually produced by numerous types of micro-organism, including yeasts, fungi and lactic acid bacteria (LAB) (5) (6) (7) . Among these micro-organisms, LAB constitute the normal and resident flora in the gastrointestinal tract of humans and animals, which are also considered to be safe organisms by the food industry (8) . LAB is utilized to improve the texture, and enhance the sensory profile and nutritional value of food or associated products (9) . Of note, the GABA produced by LAB always exhibits higher biological activities compared with that in food products and its synthetic process is considered to be safe (8, 9) . Therefore, the technology of GABA production by LAB has great potential for implementation in the health product and pharmaceutical industry, and is worthy of investigation.
In China, mulberry leaves have been used for >5,000 years (10), and are also being developed by the pharmaceutical industry. Of note, the extracts of mulberry leaves possess multiple biopharmaceutical activities, including anti-bacterial, anti-diabetic, anti-atherogenic, anticancer, anti-inflammatory and anti-oxidant effects, and have a therapeutic effect in cardiovascular and hypolipidemic diseases (11) . GABA is an important active component of mulberry leaf extracts, from which it was isolated in a previous study (12) . However, the enrichment of GABA in mulberry leaves is a critical problem that requires to be resolved for the production of GABA and its medical application.
In order to enhance the yield of GABA isolated from mulberry leaves for its further exploration as a health product, the present study aimed to obtain GABA-enriched mulberry leaf powders by using a strain of high GABA-yielding Lactobacillus pentosus SS6 isolated from fermented mulberry fruits. Preparation of culture medium. The isolation of LAB and preparation of culture medium were performed according to the protocol of a previous study (13) , following sterilization via autoclave for 25 min and adjustment of the pH to 6.5 (13) . The tryptone yeast extract glucose (TYG) fermentation medium was prepared according to a previous study (14) , with the modifications of addition of 2% L-Glu (1 mg/ml), adjustment of the pH to 6.5 and sterilization for 25 min. The LAB medium was composed of skimmed milk (12 g ) and CaCO 3 (0.2 g); sterilization was performed for 25 min and the pH was adjusted to 6.5.
Materials and methods

Regents
Isolation, culture and screening of LAB. Isolation of LAB from the fermented mulberries (5 g) was performed as previously described (15) . The LAB was cultured according to a previous study (16) . In brief, the isolated LAB was cultured in TYG culture medium at 37˚C for 48 h. The LAB screening was performed according to the study by Wu and Shah (17) with the following modifications: Supernatant fermentation liquid (1 µl) was added to the thin-layer chromatography silica gel plate (cat. No. SG-004; Qingdao Kangyexin Medical Silica Gel Desiccant Co., Ltd., Qingdao, China). n-butyl alcohol: Glacial acetic acid: Water (4:1:3) was considered as the developing agent. The 0.4% ninhydrin (Sigma-Aldrich; Merck KGaA) was assigned as the chromogenic agent. The isolated LAB was cultured in the TYG culture medium and screened by using a ninhydrin colorimetry method [0.4% ninhydrin; Sigma-Aldrich (Merck KGaA)] (16). In brief, TYG with added GABA (1 mg/ml) was used as a positive control and TYG without any reagents was used as a negative control.
Carbon source and nitrogen source treatment. The isolated LAB were added to the mulberry leaf powder (100 g) culture (water content, 60%) at a proportion of 5%. Glucose, saccharose or xylose was used as the carbon source, which was individually added at concentrations of 0, 5, 10 or 15%. In another experiment, peptone was used as the nitrogen source, which was added at concentrations of 0, 2, 4, 6 or 8%. Subsequent to the abovementioned additions, the mulberry leaf powder mixtures were fermented via shaking for 36 h at 35˚C using a 500 ml flask (Mode, 4100-0500; Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). HPO 4 treatment. The isolated LAB was added to the mulberry leaf powder culture (with a water content of 60%) at a final LAB concentration of 5%. For the K 2 HPO 4 treatment, K 2 HPO 4 was added at concentrations of 0, 0.4, 0.8, 1.2, 1.6, 3, 4 or 6%, followed by fermentation for 36 h at 35˚C.
L-sodium glutamate treatment.
To the LAB/mulberry leaf powder culture as specified above, L-sodium glutamate was added at a concentration of 0, 0.5, 1, 1.5 or 3%, followed by fermentation as stated above.
Effects of water content, fermentation time, LAB inoculated amount and temperature on the GABA content.
Various experimental conditions were examined in order to determine those leading to the highest yield of GABA. The water content was set at 30, 40, 50, 60 or 70%. The time of fermentation was 0, 12, 24, 36 or 48 h. The amount of inoculated LAB was 0, 1, 3, 5, 7 or 9%. The temperature was set at 25, 30, 35 or 43˚C. In the preliminary experiments, the aforementioned varied LAB content, water content and temperature were utilized. However, the pre-experiment results revealed that the time point of 36 h and an LAB content of 35 and 5% were the optimal treatments for the current study. Therefore, the mulberry leaf powders were fermented for 36 h at 35˚C for each type of treatment.
Measurement of GABA content. The GABA content was evaluated by using the Merck Purospher STAR RP-18e high-performance liquid chromatography system (Merck KGaA) equipped with a reverse-phase column with 5 µm external diameter, 4.6 mm internal diameter and 250 mm length (Mode, Luna C18; Phenomenex, Inc., Torrance, CA, USA). The processes for the GABA content measurement were according to those of a previous study (18) . The GABA content was determined by comparing the peak area with that of the associated GABA standard. Furthermore, mycelium biomass was assessed using the colony-counting method (colony formation unit counting) as previously described (19) .
Statistical analysis. All of the data were analyzed by using SPSS software 22.0 (IBM Corp., Armonk, NY, USA). The quantitative data were expressed as the mean ± standard deviation. Student's t-test was used for analysis of differences between two groups. Analysis of variance and Tukey's post-hoc test were used for comparing measurement data between multiple groups. All of the data were obtained from at least six independent measurements or experiments. P<0.05 was considered to indicate a statistically significant difference.
Results
Screening of the GABA-producing LAB. In the present study, 6 strains among a total of 37 LAB strains were selected for producing GABA using thin layer chromatography, as they exhibited GABA production at the same gel position. The preliminary results indicated that the supernatants of the fermentation culture of the SC6 and SS6 strains exhibited higher levels of GABA than that of the others (Fig. 1A) . However, compared with the SC6 strain, the SS6 stain exhibited higher levels of GABA (Fig. 1) . Therefore, the SS6 strain was employed to evaluate the production of GABA in the subsequent experiments.
The SS6 strain produces the highest GABA content in the fermentation broth. In order to evaluate the production of GABA induced by the LAB strains, the LB2, LB6, SC5, SC6, SC9 and SS6 Lactobacillus pentosus strains were cultured. The results indicated that the yield of GABA in the culture with the SS6 strain was significantly higher than that in the cultures of the other strains (P<0.05; Fig. 1B ). The SS6 LAB was also uniquely prepared using MRS and isolation culture (Fig. 1C) , and was employed in the subsequent experiments.
Fermentation and enrichment of mulberry leaf powder by LAB enhances the yield of GABA. As presented in Table I , after the fermentation of mulberry leaf powder by the SS6 strain, the culture contained significantly higher levels of GABA compared with those in the unfermented mulberry leaf powder mixture (P<0.05). Furthermore, the pH value of the mulberry leaf powder culture after fermentation was lower compared with that of the unfermented mulberry leaf powder mixture. Furthermore, the amounts of reduced sugar and total sugar in the fermented mulberry leaf powder were significantly lower compared with those in the unfermented mulberry leaf powder (P<0.05).
Addition of 10% saccharose as the optimal carbon source causes the greatest enhancement of GABA production. The production of GABA and mycelium biomass was evaluated in the cultures treated with glucose, saccharose or xylose at different concentrations as carbon sources. The results indicated that addition of saccharose, particularly at 5 and 10%, resulted in a higher production of GABA compared with that achieved with glucose and xylose treatment (P<0.05; Fig. 2A ). The mycelium biomass in the saccharose group (particularly the 10% group) was also significantly higher compared with that in the glucose and xylose groups (P<0.05; Fig. 2B ). Therefore, saccharose at 10% was determined to be the optimal carbon source.
Addition of 6% peptone as a nitrogen source enhances GABA production. The results indicated that the GABA production in the 6% peptone group was significantly higher compared with that in the groups treated with other concentrations of peptone (P<0.05; Fig. 3A) . However, the mycelium biomass was highest in the 4% peptone-treated group, which suggests that the GABA production is not consistent with the mycelium biomass.
Addition of 1.6% K 2 HPO 4 enhances the production of GABA. The results indicated that the GABA production in the 1.6% K 2 HPO 4 treatment group was significantly higher compared with that in the other K 2 HPO 4 treatment groups (P<0.05; Fig. 3B ). However, the mycelium biomass in the 0.8% K 2 HPO 4 treatment group was higher than that in the other groups (P<0.05; Fig. 3B ).
Addition of 1% L-sodium glutamate enhances the production of GABA. L-sodium glutamate was added to the mulberry leaf powder culture in the experiments. The results indicated that L-sodium glutamate at the concentration of 1% had the greatest capacity to enhance the production of GABA compared with the other concentrations (P<0.05; Fig. 3C ). However, the highest mycelium biomass was obtained with L-sodium glutamate at 0.5% (Fig. 3C) .
Water content and treatment time affect GABA production.
The results indicated that a water content of 60% led to the highest GABA production and mycelium biomass compared to the other concentrations (P<0.05; Fig. 4A) . Furthermore, the GABA production and mycelium biomass were highest if the incubation time the mulberry leaf powder culture was 36 h (Fig. 4B) .
The amount of LAB and the culture temperature affect GABA production. According to the weight/volume ratio, 7% LAB amounts used for inoculation achieved a significantly higher GABA production compared with the other amounts assessed (P<0.05; Fig. 4C ). Furthermore, among all incubation temperatures, the highest levels of GABA production and mycelium biomass were achieved at 35˚C (Fig. 4D ).
Discussion
LAB have been reported to produce a series of metabolites, including bacteriocins (20) , vitamins (21), conjugated linoleic acid (22) and exopolysaccharides (23) , all of which are always considered as the basis of probiotic function. A potential metabolite produced by the lactobacilli in the intestinal tract is GABA, which is linked to the desirable effects on the host (24) . Previous studies have indicated that GABA has roles in maintaining homoeostasis and in the brain-gut-microbiome axis (25, 26) . The present study aimed to isolate a high GABA-yielding LAB strain from mulberries and explore the optimal conditions for obtaining GABA from a fermentation/ enrichment culture of mulberry leaf powder with LAB and various additives. In the present study, the isolated SS6 strain achieved the highest yield of GABA, and was therefore used in the subsequent experiments. In order to determine the production of GABA induced by the different LAB strains, the LB2, LB6, SC5, SC6, SC9 and SS6 strains were used in fermentation/enrichment culture with mulberry leaf powder. Comparison of the different strains indicated that use of the SS6 strain achieved the highest yield of GABA, which was therefore considered to be the best candidate for the improvement for the GABA content and production. The SS6 strain was used in the subsequent experiments for exploring the ideal conditions for the mulberry leaf powder fermentation culture.
Apart from the production of GABA through chemical synthesis in the laboratory, it may also be produced by fermentation of biomaterials containing GABA, e.g., mulberry leaves, in the presence of LAB. Of note, the production of GABA is affected by different culture and fermentation conditions, which require optimization. In the present study, the effects of the addition of a carbon source, a nitrogen source, K 2 HPO 4 and L-sodium glutamate, as well as variation of the water content, treatment time, amount of inoculated LAB and the incubation temperature, on the production of GABA were investigated, all of which were previously indicated to affect the yield of GABA (27, 28) . The results of the present study demonstrated that 10% saccharose, 6% peptone, 1.6% K 2 HPO 4 and 1% L-sodium glutamate achieved the highest GABA production and/or mycelium biomass compared with those at the other concentrations. These results were comparable to those of previous studies, which reported that the production of GABA is affected by LAB and also by other micro-organisms (yeast) (29, 30) .
An important characteristic of probiotic bacteria is that they have beneficial effects in the host. In the present study, LAB produced GABA, which has potential health benefits and a promising application in the pharmaceutical and food industry.
Although the present study provided numerous useful results, it also had a few limitations. First, the present study has not addressed whether the production of GABA by the original strains is consistent with that by the strains after undergoing multiple passages. Second, the current study only changed one variable at a time, with all others remaining constant. The combination of constant variables however, does not guarantee that the highest yield is produced. For example, the addition of K 2 HPO 4 may alter the pH, which may then effect other components. In further study, the different factors that may affect GABA production will be considered.
In conclusion, the present study isolated the SS6 LAB strain from fermented mulberries. The strain was cultured with mulberry leaf powder for producing GABA. In summary, 10% saccharose, 6% peptone, 1.6% K 2 HPO 4 , 1% L-sodium glutamate, as well as the appropriate water content and temperature significantly improved and enhanced GABA production and the mycelium biomass. In future study, combined reactions (involving all the aforementioned factors) in which all conditions are applied at the same time will be assessed. The present study provided a basis for the production of GABA by the pharmaceutical and food industry.
